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In the early chick embryo, an apical ectodermal ridge (AER) is formed from the overlying ectoderm of the presumptive
limb bud region at the dorsal±ventral (DV) boundary. We report here that the ectopic DV boundary formed in the presump-
tive wing, ¯ank, and leg ®elds induces an ectopic AER structure. Dorsal tissue (ectoderm and mesoderm) from the presump-
tive wing ®eld of stage 10 to 17 embryos was inserted into a slit in the somatopleure of the future ventral side of host
embryos. The same method was used to implant ventral tissue into the future dorsal side of host embryos. After the
implantation, ectopic AER was induced and an additional limb or limb-like structure developed. In related experiments,
ectoderm-free presumptive wing tissue was implanted, which resulted in a considerably decreased frequency of ectopic
AER formation. Further analysis of chick and quail chimeras suggests that the ectopic AER was formed from the ectodermal
cells overlying the boundary of host and graft mesodermal cells. These results indicate that the DV boundary organizes
the AER structure in the limb bud ®eld of early-stage chick embryos and that the ectoderm of the grafted tissues plays an
important role in this process. q 1997 Academic Press
INTRODUCTION the dorsal mesoderm of the developing limb bud and its
expression is regulated by the overlying ectoderm where
Wnt-7a mRNA is localized (Riddle et al., 1995. Vogel et al.,
Limb bud formation depends on signals from the ante- 1995). Molecules that are expressed in the ventral ectoderm
rior±posterior (AP), proximal±distal (PD), and dorsal±ven- are also known. Transcripts of En-1 (Davis et al., 1991;
tral (DV) axes. AP identity is regulated by signals from the Wrurst et al., 1994) and Wnt-5a (Parr et al., 1993) are de-
zone of polarizing activity (ZPA), a specialized region at the tected in the ventral ectoderm of the mouse limb bud. Re-
posterior margin of the limb bud (Saunders and Gasseling, cently, it was reported that loss of En-1 function in mice
1968). PD outgrowth is controlled by the apical ectodermal results in the dorsal transformation of ventral structures
ridge (AER) at the distal tip, which acts on progress zone and also in altered expression of dorsal- and AER- speci®c
cells. DV identity is regulated by ectodermally derived sig- markers (Loomis et al., 1996).
nals. Rotation of the limb bud ectoderm along the DV axis In Drosophila, formation of wing imaginal discs also
induces a corresponding inversion in the pattern of meso- needs signals of three axes. AP polarity depends on the func-
dermally derived structures (MacCabe et al., 1974). tion of hedgehog (hh) (Basler and Struhl, 1994). In the case
Less is known about the molecular mechanisms of DV of DV polarity, dorsal cells which express fringe (fng) and
axis speci®cation. However, Wnt-7a, which is expressed in Serrate (Ser) controlled by the apterous (ap) gene and ventral
the dorsal ectoderm of the limb bud in mouse (Gavin et al., cells interact to induce the expression of vestigial (vg) and
1991; Parr et al., 1993; Parr and McMahon, 1995) and chick wingless (wg), wing-patterning genes along the DV bound-
(Dealy et al., 1993), has recently been identi®ed as an ecto- ary (Blair et al., 1994; Cohen et al., 1992; Dias-Benjumea
dermally derived signal participating in the regulation of and Cohen, 1993; Williams et al., 1994; Couso et al., 1994).
DV limb patterning. Further, genes which exhibit DV re- The PD outgrowth is induced by the interaction of signaling
striction in the limb mesoderm were found. Chick Lmx-1, molecules which control AP and DV polarity respectively
(Basler and Struhl, 1994; Dias-Benjumea et al., 1994). Thesea LIM homeodomain transcription factor, is expressed in
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0012-1606/97 $25.00
Copyright q 1997 by Academic Press
All rights of reproduction in any form reserved.
AID DB 8476 / 6x19$$$$21 01-16-97 01:35:42 dba
192 Tanaka et al.
studies give powerful evidence that the boundary model
postulated by Meinhardt (1983) is correct in the case of
insects. His model includes the hypothesis that molecules
that control patterning are produced by cooperative interac-
tions between cells in differently determined territories.
As to vertebrate limbs, he thought the AER is produced
along the DV boundary by the interaction between dorsal
and ventral cells.
In the present study, we show the induction of ectopic
AER and additional limb cartilage by the formation of new
DV boundaries in the presumptive limb and ¯ank ®elds of
stage 10/11 to 16/17 chick embryos.
MATERIALS AND METHODS
Operations
Chick and quail embryos were staged according to Hamburger
and Hamilton (1951). The experiments were performed on stage 9±
18 embryos. The ectoderm and mesoderm representing the pre-
sumptive wing and leg region (Chaube, 1959) was excised and trans-
ferred to Tyrode's solution. The tissues were further subdivided to
isolate the dorsal and ventral region. (Fig. 1). The dorsal was the
region adjacent to the somites, while the ventral was the region
adjacent to the extraembryonic region (Rosenquist, 1971). The in-
termediate region was discarded. For the grafting of ectoderm-free
tissues, the ectoderm was mechanically removed after trypsiniza-
tion. The AP direction of implanted tissue was not changed.
FIG. 1. Schematic diagram of implantation experiment. ExcisedAlcian Blue Staining
presumptive limb tissues from donor embryos were divided into
Embryos were incubated until Day 9 and then ®xed overnight the future dorsal side and ventral side and the intermediate region
in 10% Formalin in Tyrode's solution, stained with 0.1% Alcian was discarded. The future dorsal or ventral tissue was inserted into
blue in 70% ethanol with 0.1 N HCl at 377C for 6 hr, dehydrated, a longitudinal slit in the site of the future dorsal or ventral side.
and cleared in methyl salicylate. Future ventral (dorsal) region was inserted into a slit in the future
dorsal (ventral) site.
In Situ Hybridization
To obtain a DNA fragment of L-CAM, PCR was carried out in
®eld at stage 15, were ®xed with 4% paraformaldehyde at 36 hra similar manner to that described previously (Suzuki et al., 1991;
after implantation. The 4% paraformaldehyde was replaced by 10%Sano et al., 1993). The reaction products (450 bp) were separated
sucrose±PBS and embedded in OCT compound (Miles) and frozenby agarose gel, extracted, and subcloned into the cloning site of
in liquid nitrogen. Frozen sections at 10 mm in thickness werepCRII by TA-cloning system (Invitrogen). Sequencing of several
spread on glass slides. The expression of the Fgf-8, Shh, and Lmx-clones was carried out according to the dideoxynucleotide chain
1 was probed in alternate sections by means of non-RI in situ hy-termination method, using a sequencing kit from Amersham and
bridization according to the methods of Yokouchi et al. (1991a).a DNA autosequencer (Hitachi, SQ5500). After the DNA sequence
Three to six embryos were used for each hybridization experiment.analysis, XhoI-linearized plasmid of L-CAM was transcribed with
SP6 RNA polymerase for making an antisense probe. cDNA frag-
ments of Fgf-8, Shh, and Lmx-1 were cloned in the same manner Chimera Analysis
as L-CAM, respectively. The Fgf-8 cDNA was subcloned into pBlue-
script (SK0). Shh and Lmx-1 cDNA was subcloned into pBluescript Dorsal or ventral tissues at the 15 ±20 somite level representing
the presumptive wing region were excised from stage 12 quail em-(SK/). They were linearized with appropriate restriction enzymes
to prepare antisense probes. bryos and grafted into slits made in the presumptive wing ventral
or dorsal limb region of chick hosts. Two days after the operation,Whole-mount in situ hybridization of L-CAM in the chick em-
bryo was performed after Wilkinson (1992) with slight modi®ca- the embryos were ®xed in 4% paraformaldehyde in PBS, embedded
in OCT compound (Miles) and serially sectioned at 10 mm. Thetions (Yonei et al., 1995).
To examine the expression patterns of the Fgf-8, Shh, and Lmx- distribution of host chick cells was observed using A223 antibody.
A223 antibody stains only chick cells (Yokouchi et al., 1991b; Ide1, ectopic limb buds, which had been formed by the implantation
of the presumptive wing ventral tissue into the presumptive dorsal et al., 1994).
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FIG. 2. Induction of AER with L-CAM expression from new DV boundary of wing bud. (a) Dorsal view of the normal wing bud. (b)
Dorsal view of the wing bud 36 hr after the implantation of presumptive dorsal wing tissue to the dorsal region of presumptive wing bud
of stage 12/13 chick embryo. The appearance is normal. (c) Dorsal view of the wing bud 36 hr after implantation of presumptive dorsal
wing tissue to the ventral region of presumptive wing bud of stage 12/13 chick embryo. Ectopic AER was indicated by arrowheads.
When the presumptive ventral wing tissue was implantedRESULTS
into the presumptive wing dorsal ®eld (V r D), additional
Induction of Ectopic Limbs in the Presumptive AER with ectopic expression of L-CAM was also observed
Wing Field in stage 10/11 to 16/17 embryos at high frequencies (more
than 40%; Table 1). Ectopic expression of L-CAM was ob-As a marker of ectopic limb formation, we ®rst examined
served at the highest frequency in stages 12/13 and 14/15the expression of L-CAM mRNA in the limb bud with a
presumptive wing buds (67 and 63%, respectively). Whenwhole-mount in situ hybridization. L-CAM mRNA expres-
presumptive wing ventral tissue was implanted into thesion occurred only in AER at stages 17 to 30, but no expres-
wing ventral ®eld (V r V), no ectopic AER with L-CAMsion was observed in the other ectodermal tissues of the
mRNA expression was formed at any stage (Table 1).limb bud. Figure 2a shows L-CAM mRNA expression in
Next we examined ectopic cartilage formation by hetero-the limb bud. A detailed expression pattern of the L-CAM
topic transplantation. In the case of stage 10 to 16/17 em-mRNA will be reported elsewhere (Tamura et al., submit-
bryos, which retained the ability to induce AER, ectopicted).
cartilage pattern was induced after the heterotopic trans-We examined L-CAM mRNA expression in the limb buds
plantation (D r V and V r D). Figure 3a shows a cartilage36 hr after the implantation. In control embryos which re-
pattern obtained after D r V grafting at stage 12/13. Anceived presumptive dorsal wing tissue in the same presump-
ectopic, although incomplete, wing with one humerus, onetive dorsal ®eld at wing bud level (D r D), almost all limb
ulna, and two digits (digit pattern; 34) was formed. Severalbuds (17/18) did not form ectopic AER with L-CAM mRNA
types of ectopic cartilage patterns were observed at stylopodexpression and the morphology was normal (Fig. 2b; Table
to autopod level. However, no ectopic wings with a com-1). However, the presumptive wing ventral ®eld that re-
plete pattern were observed. Sometimes unidenti®ed wingceived presumptive dorsal wing tissue (D r V) formed an
cartilage elements were formed. Moreover, in some cases,ectopic AER at the DV boundary with strong expression of
not only the ectopic, but also host wing pattern was oftenL-CAM (Fig. 2c). The ability to induce ectopic AER changed
incomplete (Table 2). It is surprising that no additional wingdepending on the stages of the grafts and the hosts (Table 1).
cartilage elements were formed after the V r D operationAt stages 10/11 through 16/17, ectopic L-CAM expression
in stage 14/15 and 16/17 embryos despite the high frequencyoccurred at high frequencies (more than 50%). It is worth
of ectopic AER induction at these stages.noting that the ectopic AER was induced after stage 10/11,
when the polarizing activity could be ®rst measured along
Expression of Fgf-8, Shh, and Lmx1 in the Ectopicthe ¯ank region at 12 to 22 somite level including the wing
Wing Bud®eld (Hornbruch and Wolpert, 1991). After stage 17, when
the wing bud starts to elongate, no ectopic expression of L- Fgfs are known to be expressed characteristically in the
AER (Niswander and Martin, 1992; Savage et al., 1993; Hei-CAM was observed.
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TABLE 1
Ectopic AER Formation by Implantation of Presumptive Wing Tissue
Host stage
9 10/11 12/13 14/15 16/17 18
Wing dorsal r wing ventrala
Ectopic AER 0 3 6 7 3 0
Total number of cases 5 6 12 8 6 5
Percentage of ectopic AER 0 50 50 88 50 0
Wing dorsal r wing dorsalb
Ectopic AER 0 0 1 0
Total number of cases 3 5 6 4
Percentage of ectopic AER 0 0 17 0
Wing ventral r wing dorsalc
Ectopic AER 0 4 6 5 2 0
Total number of cases 7 9 9 8 5 7
Percentage of ectopic AER 0 44 67 63 40 0
Wing ventral r wing ventrald
Ectopic AER 0 0 0 0
Total number of cases 5 5 6 4
Percentage of ectopic AER 0 0 0 0
a The frequency of ectopic AER formation after the implantation of presumptive wing dorsal tissue in the wing ventral region of stage
9 to 18 chick embryos.
b The frequency of ectopic AER formation after the implantation of presumptive wing dorsal tissue in the wing dorsal region of stage
10/11 to 16/17 chick embryos.
c The frequency of ectopic AER formation after the implantation of presumptive wing ventral tissue in the wing dorsal region of stage
9 to 18 chick embryos.
d The frequency of ectopic AER formation after the implantation of presumptive wing ventral tissue in the wing ventral region of stage
10/11 to 16/17 chick embryos.
kinheimo et al., 1994; Ohuchi et al., 1994; Crossley and expressed in the posterior mesenchyme of the ectopic limb
bud, indicating essentially no changes in AP polarity in theMartin, 1995; Mahmood et al., 1995) and presumably re-
quired for normal limb development. Especially, Fgf-8 is ectopic limb bud. Lmx1 RNA was detected in the dorsal
half of ectopic limb bud (Fig. 4f) or in the ventral half of it.expressed throughout the entire AER. Fgf-8 mRNA is
readily detectable in the ectoderm at stage 16, in a patchy,
longitudinal stripe within the prospective limb territory. By
Induction of Ectopic Limbs in the Presumptive Legstage 17, the domain of Fgf-8 expression has extended to
Fieldcover most of the prospective limb territories. At stage 18,
Fgf-8 RNA is detected along the entire AER (Fig. 4a). Thus, Heterotopic transplantation at the presumptive leg region
also induced ectopic limb formation. The results are sum-we con®rmed the induction of AER by examining Fgf-8
expression in the ectopic limb bud. marized in Table 3. With the implantation of presumptive
dorsal leg tissue into the presumptive ventral leg ®eld, ec-When the presumptive wing ventral tissue was implanted
to the presumptive wing dorsal ®eld at stage 15 and ®xed topic AER was induced in stage 12/13 embryos (2/7), and
the frequency of ectopic AER formation decreased rapidlyafter 36 hr, Fgf-8 signal is observed in the entire AER of
ectopic limb bud (Fig. 4b). Since the induction of AER was after stage 16/17 (4/7 at stage 16/17 and 1/6 at stage 18).
Figure 3c shows a cartilage pattern obtained after the im-detected with both L-CAM and Fgf-8, we used L-CAM as
AER marker in the following experiments. plantation of presumptive dorsal leg tissue into the ventral
side of presumptive leg ®eld. Very few cases of ectopic L-As to the AP and DV polarity of the ectopic wing bud,
the expressions of Shh and Lmx1 in the ectopic limb buds CAM expression were seen after the implantation of pre-
sumptive dorsal leg tissue into the presumptive dorsal legwere examined 36 hr after the grafting of presumptive ven-
tral tissue into the dorsal ®eld at stage 15. Shh is known as ®eld (Fig. 3d and Table 3). When presumptive ventral leg
tissue was implanted into the presumptive leg dorsal ®elda marker of ZPA, posterior margin of limb buds (Riddle et
al., 1993; Fig. 4c), and Lmx1 is a homeobox gene (German (V r D) at stage 10/11, 4 of 6 embryos formed ectopic AER.
This high frequency of ectopic AER formation continuedet al., 1992) expressed in the dorsal mesenchymal cells of
limb buds (Fig. 4e) under the in¯uence of the dorsal ecto- up to stage 16/17. In the control experiments, the implanta-
tion of presumptive ventral leg tissue into the presumptivederm (Riddle et al., 1995). As shown in Fig. 4d, Shh was
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FIG. 3. Dorsal view of the ectopic wing and leg cartilage patterns produced by the implantation of presumptive dorsal limb tissue to
the presumptive limb bud region at stage 12/13. (a) Implantation of presumptive dorsal wing tissue into the presumptive ventral wing
region. Additional limb was formed in the ventral (lower) side. Digit pattern of the additional limb 3 4; one ulna in zeugopod. (b) Implantation
of presumptive dorsal wing tissue to the dorsal region of presumptive wing bud; normal pattern. (c) Implantation of presumptive dorsal
leg tissue to the ventral side of presumptive leg ®eld. Additional limb was formed in the ventral (upper) side, which contained proximal
elements (femur and tibia). (d) Implantation of presumptive dorsal leg tissue to the dorsal region of the leg; normal pattern. R, radius; U,
ulna; Fe, femur; Fi, ®bula; T, tibia.
ventral leg ®eld did not induce ectopic AER formation with Induction of Additional AER in the Presumptive
Flank FieldL-CAM expression at any stages (Table 3).
Implantation of presumptive dorsal (ventral) wing tissue
into the ¯ank ventral (dorsal) ®eld led to the development
of additional limbs (Figs. 5a±5c). The grafting was carriedImplantation of Ectoderm-Free Presumptive Dorsal
out using stage 12/13 embryos and L-CAM expression in(or Ventral) Wing Tissue into the Presumptive
the ectopic AER and limb cartilage pattern was observedVentral (or Dorsal) Wing Field
(Table 5).
After the implantation of presumptive dorsal wing tissueAs shown in Table 4, the frequency of ectopic AER forma-
tion after the implantation of ectoderm-free wing tissue in into the ¯ank ventral ®eld, 4 of 8 embryos showed ectopic
L-CAM expression and 9 of 13 embryos had additional limbstage 12/13 and 14/15 embryos is considerably low. No AER
was induced after the implantation of the ectoderm-free cartilage pattern (Table 5). In 2 of 9 cases, a duplicated leg
with additional digits was observed. No additional limbs(i.e., mesoderm only) presumptive dorsal wing tissue into
the presumptive ventral wing ®eld. When presumptive ven- were observed after the implantation of presumptive dorsal
wing tissue into the dorsal ¯ank region (0/5).tral wing mesoderm was implanted into the dorsal wing
®eld, only 2 of 13 embryos formed an ectopic AER in the When presumptive ventral wing tissue was implanted
into the ¯ank dorsal ®eld, 2 of 7 embryos showed ectopicdorsal side of the host wing bud. Furthermore, ectopic AER
did not form after the implantation of ectoderm alone. expression of L-CAM (Fig. 5b) and 4 of 7 embryos formed
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TABLE 2
Effects of Heterotopic Grafting of Chick Presumptive Wing Regions on the Skeletal Pattern
Host stage
10 11 12/13 14/15 16/17
Dorsal r ventrala
Total number of cases 10 8 11 7 4
Ectopic wing 4 4 8 4 1
(Percentage) 40 50 73 57 25
Sup Miss S M S M S M S M
Stylopodium 5 1 1
Zeugopodium 1 1 5 3 2 1
Autopodium 2 1 2 2 7 4 2
Unidenti®ed 1 1 2
Ventral r dorsalb
Total number
of cases 8 8 12 10 7
Ectopic wing 3 2 7 0 0
(Percentage) 38 25 58 0 0
Sup Miss S M S M S M S M
Stylopodium 1 1
Zeugopodium 2 1 3 3
Autopodium 2 1 4 3
Unidenti®ed 2 3
Note. Abbreviation for categories under wing cartilages: Sup and S, number of wings with cartilage element duplication; Miss and M,
number of wings with cartilage element deletion.
a Ectopic cartilage formation after the implantation of presumptive wing dorsal tissue in the wing ventral region of stage 10 to 16/17
chick embryos.
b Ectopic cartilage formation after the implantation of presumptive wing ventral tissue in the wing dorsal region of stage 10 to 16/17
chick embryos.
additional limb cartilage pattern (Fig. 5c). In Fig. 5c, the tional limb formation in these embryos, although a new
DV boundary was formed, suggesting that the limb budadditional wing formed a symmetrically duplicated digit
pattern 43234. When the presumptive wing ventral tissue formation may require not only a DV boundary but also
some molecules which exist in the presumptive limb ®eldwas implanted into the ¯ank ventral region, no additional
limbs were formed (0/5). or tissue.
To know the AP and DV polarity of the ectopic limb
formed in the ¯ank, the expression of Fgf-8, Shh, and Lmx1
Chimera Analysiswas examined 36 hr after the grafting of presumptive wing
ventral tissue into the ¯ank dorsal ®eld at stage 12. Fgf-8 Chimera analysis was performed to examine the distribu-
tion of graft cells in the host ¯ank (Fig. 6).signal was observed in the AER of all the ectopic limb buds
formed in the ¯ank. Shh RNA was detected both in the Stage 12 quail presumptive wing dorsal and ventral tissue
was implanted into stage 12 chick ¯ank ventral and dorsalposterior and anterior mesenchyme of some ectopic limb
buds. These results show close agreement with the addi- ®elds, respectively. Thirty-six hours after implantation, in-
duced ectopic limb buds were sectioned and stained withtional wing cartilage pattern, which formed a duplicated
digit pattern. Lmx1 was expressed in the dorsal or ventral A223. In both cases, when the sections through the middle
of the additional limb bud were examined, the ectopic AERhalf of the ectopic limb buds.
We also cross-transplanted left and right ¯ank tissue was formed from the ectodermal cells overlaying the bound-
ary of host and graft mesodermal cells. Quail cells whichincluding the DV boundary, remaining the AP polarity
unchanged, at stage 12/13. We did not observe any addi- were of presumptive wing dorsal tissue origin were observed
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FIG. 4. Distribution of Fgf-8, Shh, and Lmx1 transcripts in the limb buds. (a, c, e) Transverse section of the normal wing buds. (b, d, f)
Transverse section of the ectopic limb buds which was formed by the implantation of presumptive ventral wing tissue to the dorsal side
of presumptive wing bud region at stage 15. (a, b) Distribution of Fgf-8 transcripts in the AER (arrowheads). (c, d) Distribution of Shh
transcripts in the distal posterior mesenchyme (arrowheads). (e, f) Distribution of Lmx1 transcripts in the dorsal half of the limb bud
(arrowheads). D, dorsal; V, ventral; A, anterior; P, posterior regions.
to occupy the ventral half of the limb bud (Fig. 6c) and quail DISCUSSION
cells which were of presumptive wing ventral origin were
observed to occupy the dorsal half of the limb bud (Fig. Juxtaposition of DV Forms an AER
6e). In both cases, the transplanted quail ectoderm did not
occupy the ectoderm of the ectopic limb bud when mea- In both the presumptive wing bud and leg bud regions,
when new DV juxtaposition was made by implanting thesured 36 hr after implantation.
The distribution of A223-positive cells and Lmx1-ex- dorsal tissue into the ventral ®eld, ectopic AER with strong
L-CAM expression was formed in the ventral side of hostpressing cells in adjacent sections of the ectopic limb bud
(Fig. 7) was examined. The ectopic limb bud was ®xed limb buds. Ectopic AER with L-CAM expression was also
induced in the dorsal side by implanting ventral tissue to48 hr after the implantation of presumptive wing ventral
tissue into the wing dorsal ®eld at stage 15. In this case, the dorsal ®eld. Since L-CAM expression occurred in the
AER of limb buds of stage 17 to 30 and the induction ofgraft tissue occupied ventral half and had ventral polarity.
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TABLE 3
Ectopic AER Formation by Implantation of Presumptive Leg Tissue
Host stage
9 10/11 12/13 14/15 16/17 18
Leg dorsal r leg ventrala
Ectopic AER 0 0 2 3 4 1
Total number of cases 5 4 7 9 7 6
Percentage of ectopic AER 0 0 29 33 57 17
Leg dorsal r leg dorsalb
Ectopic AER 0 0 1 0
Total number of cases 4 5 6 3
Percentage of ectopic AER 0 0 17 0
Leg ventral r leg dorsalc
Ectopic AER 0 4 6 4 2 0
Total number of cases 5 6 9 9 4 5
Percentage of ectopic AER 0 67 67 44 50 0
Leg ventral r leg ventrald
Ectopic AER 0 0 0 0
Total number of cases 3 5 5 4
Percentage of ectopic AER 0 0 0 0
a The frequency of ectopic AER formation after the implantation of presumptive leg dorsal tissue in the leg ventral region of stage 9 to
18 chick embryos.
b The frequency of ectopic AER formation after the implantation of presumptive leg dorsal tissue in the leg dorsal region of stage 10/
11 to 16/17 chick embryos.
c The frequency of ectopic AER formation after the implantation of presumptive leg ventral tissue in the leg dorsal region of stage 9 to
18 chick embryos.
d The frequency of ectopic AER formation after the implantation of presumptive leg ventral tissue in the leg ventral region of stage 10/
11 to 16/17 chick embryos.
AER was detected with both L-CAM and Fgf-8, we used L- ectoderm (Crossin et al., 1985). It is possible that synthesis
of both L-CAM protein and mRNA occurs principally inCAM as an AER marker in the present experiments. How-
the AER, but because L-CAM protein is more stable thanever, whether L-CAM mRNA exists in small amounts in
L-CAM mRNA, only L-CAM protein remains in the ecto-non-AER ectoderm remains uncertain, since the L-CAM
derm. It may be possible that L-CAM (E-cadherin) supple-protein, which is recognized by L-CAM antibody, is ex-
ments the function of N-cadherin in the AER, whose anti-pressed not only in the AER but also in the other limb bud
body cannot bind to the AER (Hatta et al., 1987).
The induction of AER occurred from stage 10/11 to stage
16/17 embryos. It is interesting to note that stage 10/11
corresponds to the stage when polarizing activity can ®rstTABLE 4
be detected along the ¯ank lateral ®eld from somite levelEctopic AER Formation by Implantation of Ectoderm-Free
positions 12 to 22 (Hornbruch and Wolpert, 1991) and stageVentral or Dorsal Tissue to the Dorsal or Ventral Region of
16/17 corresponds to the stage when normal limb bud beginPresumptive Wing Bud
to rise. It seems that the stage when both presumptive dor-
Dorsal into Ventral into sal and ventral sides begin to develop their identity corre-
ventral dorsal sponds roughly to the time when the presumptive wing,
¯ank and leg mesoderm start to exhibit a capacity for limbHost stage Host stage
formation when grafted to the coelom of a host embryo
12/13 14/15 12/13 14/15 (Dhouailly and Kieny, 1972; Stephens et al., 1989).
Despite the ability to induce ectopic AER in stage 10/11
Ectopic AER 0 0 1 1 to 16/17 embryos, no additional wing cartilage was observed
Total number of cases 8 6 6 7 in stage 14/15 and 16/17 embryos when presumptive ventral
Percentage of ectopic wing tissue was implanted into the presumptive dorsal
AER formation 0 0 17 14
®eld. In such cases, ectopic limb buds with morphologically
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When the presumptive wing ventral tissue was implanted
into the presumptive wing dorsal ®eld at stage 15 and exam-
ined after 36 hr, the expression of Shh was observed in the
posterior mesenchyme of the ectopic limb bud, suggesting
that the AP polarity of the additional limb bud was normal.
In the present experiment, not only the ectopic limbs but
also host limbs were incomplete. This result seems to be
caused by the limited number of cells which could partici-
pate in the limb bud formation. Fibroblast growth factors
(FGFs) and retinoic acid (RA) can also induce additional
limb structures. When FGFs (Mima et al., 1995) and RA
(Summerbell, 1983; Tickle et al., 1985) form additional
limbs, they can extend the limb-forming region. However,
in the present experiment, the implantation of presumptive
limb bud tissue may not have extended the limb-forming
region.
Induction of ectopic AER occurred at low frequency after
implantation of the dorsal tissue into the dorsal region, al-
though no induction occurred after the implantation of the
ventral tissue into the ventral region in the presumptive
wing or leg ®eld (Tables 1 and 3). Further, in the case of the
implantation of the ectoderm-free grafting, the ectopic AER
induction was observed only after the implantation of the
ventral tissue into the dorsal region in the presumptive
wing ®eld. Thus, it is possible that some indispensable fac-
tors for ectopic AER induction in the presumptive dorsal
®eld may exist.
What Is the Role of Ectoderm in the Formation of
DV Polarity?
The frequency of the ectopic AER formation decreased
considerably when the ectoderm-free presumptive wing tis-
sues were heterotopically implanted. Some signals from the
ectoderm have been considered to in¯uence DV patterning
(MacCabe et al., 1974; Stark and Searls, 1974), and it was
recently demonstrated that Wnt-7a plays an important role
in DV patterning because knockout mice of Wnt-7a lackedFIG. 5. Additional limb produced by the implantation of presump-
their dorsal limb structures (Parr and McMahon, 1995).tive ventral wing tissue into the ¯ank dorsal region of stage 12/13
chick embryo. (a) Ectopic bud (arrows) between wing bud and leg Wnt-7a is expressed in the ¯ank ectoderm of the trunk of
bud. Anterior is up and dorsal is right. (b) Expression of L-CAM the mice at pre-limb bud stages (Riddle et al., 1995), al-
(arrowheads) in the AER of additional limb bud. Anterior is up and though whether Wnt-7a activity is suf®cient to establish
dorsal is right. (c) Dorsal view of the cartilage pattern of additional dorsal mesodermal fate in the presumptive limb bud ®eld
wing at 10 days of development. Note duplicated digit pattern, 4 is unclear. Furthermore, it was also reported that En-1 pro-
3 2 3 4.
motes ventral-type skin differentiation and inhibits dorsal-
type differentiation in the ventral limb because the mice
that have a null mutation in En-1 displayed dorsal transfor-
mations of ventral structures (Loomis et al., 1996). More-AER-like structure were formed at 36 hr, but they did not
develop cartilage structures (data not shown). The expres- over, ectopic AER could not form after the implantation of
ectoderm alone (data not shown). These results suggest thatsion pattern of Fgf-8 and Shh in such ectopic limb buds
seemed to be normal (Fig. 4). The reason for the limb bud the ectoderm of the presumptive limb bud region is im-
portant in establishing DV identity, but the interaction withdegeneration remains unclear, but it is possible that the
ectopic AER induced in stage 14/15 and 16/17 wing buds mesodermal cells is also important. Moreover, the follow-
ing possibilities can be considered. The mesoderm whichlater disappeared because of the de®ciency of some AER
maintenance factors. Since the limb bud regression occurs has its DV identity in¯uenced by the ectodermal signal
might maintain its DV identity without continuous ecto-at various stages, it is dif®cult to analyze the degeneration
mechanism. dermal signal(s), or the mesoderm has an intrinsic DV polar-
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TABLE 5
Ectopic AER and Additional Limb Cartilage Elements Formation by Implantation of Presumptive Wing Ventral or Dorsal Tissue to the
Flank Dorsal or Ventral Region of Stage 12/13 Chick Empryo
WD r FVa WD r FDb WV r FDc WV r FVd
Ectopic AER formation
Ectopic AER formation 4 0 2 0
Total number of cases 8 5 7 5
Percentage of ectopic AER 50 0 29 0
Additional limb cartilage elements
Additional limb elements formation 9 4
Total number of cases 13 7
Percentage of additional limb formation 69 57
a The frequency of ectopic AER formation after the implantation of presumptive wing dorsal tissue in the ¯ank ventral region of stage
12/13 chick embryos.
b The frequency of ectopic AER formation after the implantation of presumptive wing dorsal tissue in the ¯ank dorsal region of stage
12/13 chick embryos.
c The frequency of ectopic AER formation after the implantation of presumptive wing ventral tissue in the ¯ank dorsal region of stage
12/13 chick embryos.
d The frequency of ectopic AER formation after the implantation of presumptive wing ventral tissue in the ¯ank ventral region of stage
12/13 chick embryos.
ity before the ectodermal signal in¯uences it, as Geduspan What Mechanisms Are Operating along the DV
Boundaries?and MacCabe reported (1989). Actually, in the present ex-
periment, there were a few cases in which ectopic AER was
We found that the ectopic DV boundary was formed byformed even if the overlying ectoderm was removed from
implantation of quail limb tissue into the presumptive limbthe grafts.
®eld causes ectopic AER formation from stage 10/11 to 16/
17. The DV boundary which was formed by the implanta-
Ectopic DV Boundary in the Flank Region Induces tion of presumptive wing tissue into the ¯ank ®eld also
an Ectopic AER Formation caused ectopic AER formation. As mentioned above, the
wing, ¯ank, and leg exhibit a uniform capacity for limbIn stage 12/13 embryos, after the implantation of the pre-
sumptive wing dorsal (ventral) tissue into the presumptive formation at stages 11±14. It is possible that DV polariza-
tion in the mesoderm is established prior to the expressionventral (dorsal) ¯ank ®eld, ectopic AER was induced and
additional limbs developed in the non-limb ¯ank region. It of such known factors as Wnt-7a and Lmx1. This directly
supports the earlier suggestion by Geduspan and MacCabeseems that ¯ank tissue also has the potential to respond to
the implanted tissue. In the chick embryo at stages 11 to (1989) that in embryos up to stage 14 the DV polarity of the
future limb is determined by the mesoderm rather than the14, presumptive wing, ¯ank, and leg ®elds exhibit uniform
limb-forming ability when grafted to a host coelom (Dhou- ectoderm. A related study showed that Wnt-7a knock-out
mice are ventralized only at the distal part (Parr and McMa-ailly and Kieny, 1972; Stephens et al., 1989). During these
stages, the ¯ank tissue might have common DV-speci®c hon, 1995), which also indicates that a DV pattern exists
prior to Wnt-7a expression.molecules with the presumptive limb tissue. Often the AP
polarity of the additional limb was abnormal (duplicated We consider that the AER was formed at the DV bound-
ary after the DV polarity of the limb bud was determinedand reversed). The duplication and reversion of the addi-
tional limb might be caused by the higher potential of the through the process described above. This idea was origi-
nally postulated in the boundary model by Meinhardtpolarizing activity in the anterior ¯ank (Hornbruch and
Wolpert, 1991). (Meinhardt, 1983; and reviewed by Martin, 1995). The
boundary model includes the hypothesis that the mole-We con®rmed that the ectopic AER was formed from the
host ectodermal cells overlaying the boundary of host and cules which control patterning are produced by interac-
tion between the cells in differently determined territor-graft mesodermal cells. No additional limbs were formed
after the right±left heterotopic transplantation of ¯ank tis- ies. He considered that the AER was formed at the border
of DV territories.sue (ectoderm and mesoderm) including the Wolf®an ridge
at stage 12/13 with retaining AP polarity (data not shown). One probable molecule which expresses in the DV bound-
ary is the FGF family. FGF-4 (Niswander et al., 1993) andThis suggests that the formation of limb bud may require
not only a DV boundary, but also some molecules which FGF-2 (Fallon et al., 1994) can substitute for AER. In particu-
lar, Fgf-8 expression is observed not only in the AER imme-exist in the presumptive limb ®eld.
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diately after the limb bud is established, but also in the
surface ectoderm of the limb ®eld just prior to and during
the early stages of limb bud outgrowth in both mouse and
chick embryos (Ohuchi et al., 1994; Crossley and Martin,
1995; Mahmood et al., 1995), suggesting that FGF-8 may
stimulate initial outgrowth of the limb buds. In the present
experiment, Fgf-8 expression was detected in the AER of
the ectopic limb bud which formed after the implantation
of the presumptive wing ventral tissue into the presumptive
wing dorsal ®eld at stage 15, although no expression of Fgf-
8 was detected in the somatopleure at the presumptive wing
bud level.
It is worth noting that in many cases only one ectopic
AER formed at the DV boundary, even though two AERs
should be possible since two DV boundary lines are created
by the grafting. In the chimera analysis, only one ectopic
AER was formed at the boundary between graft tissue and
host tissue, although there were two boundaries (arrows in
Fig. 6e). In addition, ectopic and original AERs seem to avoid
lying parallel to each other (see Fig. 2c). Thus it is possible
that there may be some mechanisms which inhibit further
AER formation in the surrounding tissue. It is interesting
that ectopic limb buds which were formed after the implan-
tation of the presumptive ventral tissue to the dorsal ®eld
exhibited two different DV polarities and the grafted tissues
occupied dorsal (Fig. 6e) or ventral half (Fig. 7a) of the ec-
FIG. 7. Serial sections of the ectopic limb bud which was formed
by the implantation of presumptive wing ventral tissue into the
wing dorsal ®eld at stage 15. (a) Immunohistochemistry with A223.
Quail cells (arrows) are not stained with A223. (b) Phase-contrast
photograph of a. (c) Distribution of Lmx1 transcripts in the ectopic
limb bud (arrows). AER is indicated by arrowheads.
FIG. 6. Immunohistochemistry with A223 to show the position
of grafted quail cells in the ectopic limb bud. Quail tissue was
grafted at stage 12. Three chimeras were analyzed. In all photo-
graphs, dorsal is up and ventral is down. Quail cells (arrows) are topic limb buds. It is conceivable that this difference in DV
not stained with antibody A223. (a) Schematic representation of an polarity might depend upon which DV boundary forms the
ectopic limb bud formed between wing bud and leg bud. The line ectopic AER. When the ectopic AER is formed at the dorsal
represents the position of sections for b±e. (b, c) Section of the margin of the grafted ventral tissue, the DV axis of the
ectopic limb bud which was formed by the implantation of pre- ectopic limb bud will be normal (equal to body DV axis),
sumptive wing dorsal tissue into the ¯ank ventral region. (c, e)
but when the AER is formed at the ventral margin, the DVImmunohistochemistry with A223. (b) Phase-contrast photograph
axis of the ectopic limb bud will be reversed. Moreover, 48of c. (d, e) Section of the ectopic limb bud which was formed by
hr after the implantation, the ectopic AER was not formedthe implantation of presumptive wing ventral tissue into the ¯ank
on the boundary of host and graft mesodermal cells. Hence,dorsal region. (d) Phase-contrast photograph of e. AER is indicated
by arrowheads. Bar in b and d, 200 mm. D, dorsal; V, ventral regions. the DV boundary might be essential to form AER in the
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